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BACKGBOUND 

The behavior  of t he  minera l  ma t t e r  of c o a l  and i t s  r e a c t i o n  p roduc t ,  a sh ,  is of 
concern in g a s i f i c a t i o n  p rocesses  because i t  governs depos i t i on  on g a s i f i e r  and 
downstream su r faces  a s  well as agglomeration in ash-agglomerating g a s i f i e r s .  I n  
gene ra l ,  f l u id i zed -bed  c o a l  g a s i f i e r s  o p e r a t e  under backmixed cond i t ions .  Conse- 
quen t ly ,  t h e  g a s i f i e r  s o l i d s  d r a i n  s t r eam could  c a r r y  wi th  i t  some unconver ted  
carbon. In c o n t r a s t ,  i n  the  KRW and U-GAS p rocesses ,  t h e  h igh-ve loc i ty  je t  in t h e  
g a s i f i e r  e f f e c t i v e l y  agglomerates t h e  a sh ,  t he reby  f a c i l i t a t i n g  i t s  s e l e c t i v e  
removal from the f lu id i zed -bed ,  and thus  ach iev ing  carbon convers ion  in excess  of 
98%. 

The minera ls  in h igh- su l fu r  bituminous c o a l  a r e  predominantly p y r i t e ,  q u a r t z ,  
and c l a y  minera ls .  The r e a c t i o n s  of most importance in t he  format ion  of a sh  
agglomerates a re  1 )  t he  ox ida t ion  of t he  f e r r o u s  s u l f i d e  produced by the  
decomposition of t h e  p y r i t e  and 2) t he  subsequent o r  s imul taneous  r e a c t i o n  of t h e  
r e s u l t i n g  i r o n  oxide  wi th  the  c l ay  mine ra l s  and q u a r t z  t o  produce r e l a t i v e l y  low- 
m l l t i n g  i r o n  a l u m i n o s i l i c a t e s  t h a t  form the  mat r ix  m a t e r i a l  f o r  t he  a s h  
agglomerates.  For t h e  ash-agglomerating f lu id ized-bed  g a s i f i e r ,  t he  i r o n  ox ida t ion  
and i r o n  a l u m i n o s i l i c a t e  format ion  occur  in the  j e t  reg ion  of the  r e a c t o r  due to its 
ox id iz ing  atmosphere and e l eva ted  tempera ture .  

In a f lu id ized-bed  g a s i f i e r ,  t he  cha r  p a r t i c l e s  t h a t  con ta in  minera l  ma t t e r  may 
be d iv ided  i n t o  two groups.  One group c o n t a i n s  a combination of c l a y s  and q u a r t z  
( t h e  a c i d s )  and p y r i t e  o r  o t h e r  f l u x i n g  agen t s  such as CaO,  MgO, Na20, and K20 ( t h e  
bases)  t h a t  w i l l  form a low-melting a l u m i n o s i l i c a t e  agglomerate as t h e  carbon i n  t h e  
p a r t i c l e  is g a s i f i e d .  The second group of p a r t i c l e s  c o n t a i n  e i t h e r  a s i n g l e  type  of 
minera l  ma t t e r  o r  very  smal l  amounts of p y r i t e  o r  t h e  o t h e r  f l u x i n g  a g e n t s  and l ead  
t o  t h e  format ion  of " f r ee  ash" t h a t  does not melt a s  t he  cha r  is g a s i f i e d .  
Agglomerate growth occur s  both  by combination of t he  sma l l e r  molten agglomera tes  and 
by cap tu re  of t he  f r e e  ash  by the  molten agglomerates.  Therefore ,  t he  tendency of a 
c o a l  t o  form ash agglomera tes  should  be dependent on both  the  d i s t r i b u t i o n  of t h e  
minera l  ma t t e r  a s  w e l l  as i t s  average composition. 

Coal Mineral  Mat te r :  The o v e r a l l  aim of t he  IGT ash  chemis t ry  s t u d i e s  is t o  
p r e d i c t  t he  behavior  of the  c o a l  ash  in a f lu id ized-bed  g a s i f i e r  on t he  b a s i s  of a 
minimum a n a l y s i s  of the  c h a r a c t e r i s t i c s  of t he  f eed  c o a l  minera l  ma t t e r  and t h e  
o p e r a t i n g  c o n d i t i o n s  of the g a s i f i e r .  I n  t h i s  s tudy  the  o b j e c t i v e  was t o  c o r r e l a t e  
t h e  composition and d i s t r i b u t i o n  of t he  minera l  ma t t e r  f o r  f i v e  e a s t e r n  and two 
wes tern  c o a l s  t o  the  behavior  of t h e i r  ash  in a l abora to ry  g a s i f i e r .  The choice  of 
t h e  e a s t e r n  c o a l s  w a s  l i m i t e d  t o  washed products  t o  concen t r a t e  on t h e  i n i t i a l  
phases  of ash  r e a c t i o n s  - t hose  of t he  ash  brought i n t o  j u x t a p o s i t i o n  f o r  r e a c t i o n  
by the  g a s i f i c a t i o n  of t he  carbon of i n d i v i d u a l  p a r t i c l e s .  

Coals  were sought whose ash  composi t ion  would r e f l e c t  t h e  f u l l  r ange  of t h e  
mosk impor tan t  v a r i a b l e  f o r  agglomera t ion ,  t he  average  concen t r a t ion  of p y r i t e  
r e l a t i v e  t o  the  s i l i c e o u s  minera ls .  The concen t r a t ion  of calcium mine ra l s  - 
t y p i c a l l y  c a l c i t e  - is probably  next  ms t  impor tan t  v a r i a b l e .  Accord ingly ,  w e  
s e l e c t e d  f o u r  U.S. bituminous c o a l s  cove r ing  a wide range of i r o n  oxide  and only  
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small amounts of calcium oxide  i n  t h e  ash.  An I l l i n o i s  No. 6 Seam c o a l  w i t h  high 
calcium oxide  and low iron oxide ,  a wes te rn  bi tuminous (York Seam), and a 
subbituminous c o a l  (Rosebud Seam) were a l s o  s e l e c t e d  f o r  t e s t i n g .  

The minera l  m a t t e r  i n  each c o a l  w a s  c h a r a c t e r i z e d  by: de te rmina t ion  of t h e  
c o n c e n t r a t i o n  of major and minor oxides  i n  t h e  ash ;  Mossbauer a n a l y s e s  t o  measure 
t h e  c o n c e n t r a t i o n  by type  of the  i r o n  compounds p r e s e n t ;  and minera logica l  ana lyses  
by computer -ass i s ted  scanning  e l e c t r o n  microscopy (SEM) .I p 2  

e a s t e r n  bi tuminous c o a l s ,  iron is p r e s e n t  as p y r i t e  and i ts  o x i d a t i o n  p r o d u c t s ,  
namely s u l f a t e s .  I n  t h e  York c o a l ,  t h e  i r o n  is mainly present  i n  chamosi te  and i n  
s i d e r i t e .  

WINFZAL M U T E R  DISTRIBUTION 

T y p i c a l l y ,  i n  t h e  

For t h i s  s t u d y ,  a method of c h a r a c t e r i z i n g  t h e  d i s t r i b u t i o n  of t h e  mineral  
mat te r  of c o a l  was developed.  Of i n t e r e s t  here  is a p r a c t i c a l  method of de te rmining  
how much of t h e  ash  of t h e  c o a l  y i e l d  s l a g  of v i s c o s i t y  low enough f o r  agglomerat ion 
a s  t h e  c h a r  of s i n g l e  p a r t i c l e s  becomes completely g a s i f i e d .  Most important  a r e  t h e  
i r o n  and ca lc ium oxide  c o n t e n t s  of t h e  ash  in r e l a t i o n  t o  s i l i c a  p l u s  alumina. 
t h i s  i n v e s t i g a t i o n ,  t h e  a s h  composi t ions of 32 s i n g l e  p a r t i c l e s  of the  c o a l s  were 
determined chemica l ly .  P a r t i c l e s  from t h e  -10+12 mesh f r a c t i o n  of the  c o a l  were 
taken  f o r  a n a l y s i s ;  t h i s  s i z e  f u r n i s h e s  enough ash f o r  the  chemical  a n a l y s i s  and is 
about  the average  s i z e ,  by weight ,  of t h e  c o a l  f e e d  t o  a p i l o t  p l a n t  o r  commercial 
f luidized-bed g a s i f i e r .  P a r t i c l e  weight ,  ash  c o n t e n t ,  and i r o n  oxide and calcium 
oxide i n  t h e  a s h  were determined.  Also,  t h e  c o n c e n t r a t i o n  of b a s i c  c o n s t i t u e n t s  
(BC) was e s t i m a t e d  f o r  each  p a r t i c l e .  
f o r  s u l f a t e  i n  t h e  p a r t i c l e  ash ,  was deemed t o  be s a t i s f a c t o r y  on p a r t i c l e  ashes  
c o n t a i n i n g  l e s s  than  about  20% CaO. 

For 

The e s t i m a t i o n ,  which inc luded  a c o r r e c t i o n  

The agreement ,  o r  l a c k  t h e r e o f ,  of t h e  average calcium oxide and i r o n  oxide 
c o n t e n t s  of t h e  ash  of t h e  p a r t i c l e s  wi th  those  found by the  convent iona l  ana lyses  
(Table  1) was s i g n i f i c a n t  i n  t h e  behavior  of t h e  minera l  mat te r  i n  agglomerat ion.  
For example, a l though t h e  average  i r o n  oxide  i n  t h e  ash  of t h e  32 p a r t i c l e s  of 
Kentucky No. 9 c o a l  a g r e e s  w e l l  w i t h  t h e  convent iona l  a n a l y s i s .  l e a s  than h a l f  as 
much calcium o x i d e  was p r e s e n t  i n  t h e  -10+12 mesh p a r t i c l e s  as i n  t h e  convent iona l  
a n a l y s i s .  Evidence i n d i c a t e s  t h a t  t h e  miss ing  calcium oxide occurs  as c a l c i t e  i n  
t h e  c l e a t  of t h e  c o a l ,  a long  which f r a c t u r e  occurs  i n  c rush ing ,  and t h a t  loss of the 
c a l c i t e  by a t t r i t i o n  from c o a l  p a r t i c l e s  occurs  i n  c rush ing  and s i e v i n g ,  r e s u l t i n g  
i n  i t s  c o n c e n t r a t i o n  i n  t h e  f i n e r  s i e v e  f r a c t i o n s .  The presence  of p l a t e s  of 
c a l c i t e ,  about  10 v m  t h i c k ,  i n  t h e  c l e a t  f r a c t u r e s  of t h e  Kentucky No. 9 c o a l  was 
found by macroscopic  examinat ion of LTA-etched c o a l  s e c t i o n s  o r i e n t e d  perpendicular  
t o  t h e  bedding.' 

A l o s s  of a lmost  90% of t h e  calcium oxide from t h e  -10+12 mesh p a r t i c l e s  is 
e v i d e n t  w i t h  t h e  Indiana  V I  and I l l i n o i s  No. 6 c o a l s .  No loss, or only a marginal  
one,  is e v i d e n t  f rom t h e  P i t t s b u r g h  No. 8 o r  Kentucky No. 13 c o a l s .  Nor d i d  i t  
occur  with t h e  subbi tuminous B Rosebud c o a l ,  i n  which t h e  calcium occurs  d ispersed  
i n  t h e  organic  m a t t e r ,  p a r t l y  as c a r b o x y l a t e  and (probably)  p a r t l y  as c a l c i t e  from 
decomposi t ion of calcium c a r b o x y l a t e s .  
i r o n  oxide is absent  f rom t h e  -10+12 mesh a t i c l e s  of t h i s  c o a l  because of a 
s i m i l a r  occur rence  of p y r i t e  i n  t h e  cleat. '*'  

However, about  90% of t h e  average amount of 

The d i s t r i b u t i o n s  i n  p a r t i c l e s  l a r g e r  and s m a l l e r  than  t h e  -10+12 mesh a l s o  
should  be cons idered .  
( g r e a t e r  d e v i a t i o n  from t h e  average)  as p a r t i c l e  s i z e  d e c r e a s e s ,  and, f o r  example, 
t h e  number of p a r t i c l e s  w i t h  a s i n g l e  l a y e r ,  whether a t t r i t a l  coa l  o r  v i t r a i n ,  
i n c r e a s e s .  The o p p o s i t e  may be t r u e  of l a r g e r  p a r t i c l e s ,  b u t  not i f  t h e  s i z e  of 

I n  g e n e r a l ,  t h e  d i s t r i b u t i o n  is expected t o  become wider  
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p a r t i c l e s  is less than  t h a t  of t h e  predominant width of t h e  l aye r s .  The appearance  
of t he  ashes  of i n d i v i d u a l  -4+5 mesh p a r t i c l e s  of t he  Kentucky No. 9 c o a l  sugges ted  
t h a t  t h e  d i s t r i b u t i o n  of i on i n  t h e s e  p a r t i c l e s  does not  d i f f e r  much from t h a t  of 
t h e  -10+12 mesh p a r t i c l e s .  f 

A t  p r e s e n t ,  it is es t ima ted  t h a t ,  i n  t h e  absence of more than  about  2 weight 
pe rcen t  of ca lc ium oxide ,  s i n g l e - p a r t i c l e  ash  wi th  i r o n  oxide  c o n t e n t s  of between 15 
and 80 weight percent  may form a low-melting agglomerate a f t e r  carbon burn-off 
w i thou t  t he  need f o r  combination wi th  the  ash of a d i f f e r e n t  p a r t i c l e .  A summary of 
t h e  d i s t r i b u t i o n  of i r o n  oxide  i n  the  ash of t he  -1Ot12 mesh p a r t i c l e s  is p r e s e n t e d  
i n  Table 2 for t h e  e a s t e r n  bituminous c o a l s ,  t oge the r  wi th  the  bulk  average  i r o n  
oxide  conten t .  Ash of Kentucky No. 9 c o a l ,  from t h e  same mine as t h a t  used  h e r e ,  
agglomerated wi thout  d i f f i c u l t y  i n  U-GAS p i l o t - p l a n t  tests wi th  bed tempera tures  a t  
about  1870'F and s u b s t a n t i a l l y  h ighe r  tempera tures  i n  t h e  j e t .  The p a r t i c l e  
ana lyses  of t h i s  coa l  show 44% of the  ash t o  have 0 t o  15 weight pe rcen t  Fe2O3 and 
53% t o  have 15 t o  80 weight pe rcen t  Fe 0 
c o a l  has  an  average  Fe203 con ten t  of 3P.j 'weight p e r c e n t ,  much h ighe r  t han  t h a t  of 
t h e  a sh  of t he  Kentucky No. 9; i t s  f r a c t i o n  of a sh  i n  t h e  15 t o  80 weight pe rcen t  
Fe203 range is much lower,  on ly  12%. 
c o a l  should agglomerate more slowly. The  same is t r u e  of t he  Indiana  V I  c o a l ,  whose 
ash  has  o v e r a l l  s u f f i c i e n t  i r o n ,  15.7 weight pe rcen t  Fe203, f o r  agglomera t ion ,  
a l though very  l i t t l e  f a l l s  i n  t h e  15% t o  80% range. 
I l l i n o i s  No. 6 c o a l s  probably  have i n s u f f i c i e n t  i r o n  f o r  agglomeration of t h e i r  a sh ,  
b u t  i f  so, t h e  a sh  con ten t  of t h e  bed i n  a g a s i f i e r  can  be a l lowed t o  r ise  t o  such  
an  e x t e n t  t h a t  almost a l l  of the  carbon is g a s i f i e d .  

EXPERIHENTAL 

Although t h e  ash  of t h e  P i t t s b u r g h  No. 8 

This  i n d i c a t e s  t h a t  t h e  ash  of t h e  P i t t s b u r g h  

The Kentucky No. 13 and 

I n  t h e  ba t ch  g a s i f i c a t i o n  tests used i n  t h i s  work, c h a r s  r a t h e r  t h a n  c o a l s  were 
used t o  p reven t  caking  of t he  c o a l  p a r t i c l e s .  The p repa ra t ion  of the  cha r s  f o r  t he  
g a s i f i c a t i o n  tests is desc r ibed  i n  d e t a i l  elsewhere.2 The p r e p a r a t i o n  of cha r  from 
each  c o a l  was i d e n t i c a l  except  f o r  a sample of t h e  Kentucky No. 9 c o a l  t h a t  was 
prepared  as a t e s t  of t he  e f f e c t  of un i fo rmi ty  of d i s t r i b u t i o n  of t he  c o a l  mine ra l  
ma t t e r  on a sh  agglomeration. This  sample of c o a l  was f i r s t  ground t o  -200 mesh t o  
more uniformly d i s t r i b u t e  the  c o a l  mine ra l  ma t t e r ,  and then  i t  was d e v o l a t i l i z e d .  
During d e v o l a t i l i z a t i o n ,  t h e  c o a l  agglomerated t o  form a bulk  sample of cha r .  This  
cha r  was then  ground and s i z e d  similar t o  t h e  o t h e r  cha r  samples used i n  t h e  
agglomera t ion  t e s t s .  

For t h e  ash  agglomeration tests of t hese  c o a l s ,  a p rev ious ly  c o n s t r u c t e d  
2-inch-diameter f lu id ized-bed  g a s i f i e r  w i th  a c e n t e r  j e t  con f igu ra t ion  was used. A 
f l u i d i z i n g  gas  of n i t rogen  and steam was in t roduced  through a p e r f o r a t e d  meta l  d i s k  
at  t h e  bottom of the r e a c t o r  and a i r  was f e d  through the  cen te r  j e t  t o  produce a ho t  
reg ion  wi th in  t h e  f lu id ized-bed  where t h e  tempera ture  may be  as much as  200' t o  
300'F h igher  than  the  tempera ture  of t he  bed. 
r e a c t o r  of 100 g of c o a l  char .  The t e s t i n g  was s t anda rd ized  a t  a steam-to-oxygen 
molar r a t i o  of 2:1, a bed tempera ture  of 1950°F, and a s u p e r f i c i a l  gas  v e l o c i t y  of 
between 1.3 and 2.0 f t / s .  

Each t e s t  used a charge  t o  t h e  

Before p repa ra t ion  of a l i q u o t s  of t h e  r e s idues  of the g a s i f i c a t i o n  t e s t s ,  any 
c l i n k e r  ob ta ined  was crushed t o  pas s  an 8-mesh s i e v e  and was mixed with o t h e r  
r e s idue .  One p o r t i o n  of t he  r e s idue  was r i f f l e d  and used f o r  e s t i m a t i o n  of 
agglomerate conten t .  This  p o r t i o n  was ashed a t  900" t o  1lOOOF i n  a muf f l e  fu rnace  
f o r  a t  least  20 hours  t o  remove carbon and achieve  b e t t e r  v i s i b i l i t y  of t h e  mine ra l  
mat te r .  The tempera ture  of ash ing  is h igh  enough t o  burn off t he  carbon bu t  low 
enough t o  avoid  f u r t h e r  r e a c t i o n s  of t h e  minera l  ma t t e r ,  o t h e r  than  o x i d a t i o n  of t he  
f e r r o u s  s u l f i d e .  The agglomera tes ,  f r e e  ash ,  and p i e c e s  of c l i n k e r  t h a t  a r e  
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i s o l a t e d  by t h e  combustion of t h e  carbon in t h e  r e a c t o r  r e s idue  were then  s ieved  and 
each  s i e v e  f r a c t i o n  examined v i s u a l l y  under a low-power microscope t o  e s t ima te  t h e  
amount of agglomera tes .  

A point-count a n a l y s i s  was a l s o  performed on the  r e s idues .  F rac t ions  of the  
ash  coa r se r  t h a n  325 mesh were combined f o r  t h i s  purpose ,  mounted i n  epoxy r e s i n  
con ta in ing  a ye l low pigment,  and pol i shed .  Removal of most of t he  m a t e r i a l  
r e s u l t i n g  from ash ing  of the  c h a r ,  c o n s i s t i n g  of f i n e  g r a i n s ,  was e s s e n t i a l  t o  
f a c i l i t a t e  t h e  poin t -count .  P a r t i c l e s  con ta in ing  any ma t r ix  m a t e r i a l ,  i d e n t i f i e d  by  
occurrence  of v e s i c l e s  and u s u a l l y  by low r e f l e c t a n c e ,  were counted as agglomerates;  
a l l  o t h e r s  were counted  a s  f r e e  ash .  which was then augmented by the  add i t ion  of t h e  
-325 mesh f r a c t i o n .  Fo r  the  p r e s e n t  purposes,  the  point-count was taken  t o  be 
p ropor t ion  1 t o  weight pe rcen t .  Other d e t a i l s  of the  procedure  a r e  r epor t ed  
elsewhere.  

RESULTS AND DISCUSSION 

1 

A summary of r e s u l t s  ob ta ined  f o r  t h e  agglomerate conten t  of t he  ashed r e s idues  
is presen ted  i n  Table  3; t h i s  t a b l e  inc ludes  agglomerate con ten t s  of ash  from 
comple te ly  g a s i f i e d  c h a r ,  c a l c u l a t e d  on t he  assumption t h a t  the  q u a n t i t y  of t h i s  ash  
is propor t iona l  t o  t h e  carbon convers ion .  In  Table 3, e x c e l l e n t  agreement is shown 
between agglomera te  c o n t e n t s  of t he  ash by in spec t ion  of s i e v e  f r a c t i o n s  and by 
point-count f o r  t e s t s  on  the  Kentucky No. 9, P i t t s b u r g h  No. 8, and I l l i n o i s  No. 6 
c h a r s  in which no c l i n k e r s  were produced, and a l s o  i n  tests on t h e  fine-ground 
Kentucky No. 9, Ind iana  V I ,  and I l l i n o i s  No. 6 i n  which c l i n k e r s  were produced. 

A comparison of agglomera te  c o n t e n t s  of a s h  from comple te ly  g a s i f i e d  cha r s  f o r  
t h e  t e s t s  on t h e  P i t t s b u r g h  No. 8 and I l l i n o i s  No. 6 cha r s ,  wi th  and wi thout  
c l i n k e r i n g ,  i n d i c a t e s  t h a t  c l i n k e r i n g  i n c r e a s e s  the  agglomerate con ten t .  The 
average  pe rcen t  of agglomera te  con ten t  ob ta ined  without c l i n k e r i n g  is 65% t o  71% of 
t h e  agglomerate c o n t e n t  ob ta ined  wi th  c l i n k e r i n g ;  depending on t h e  i n c l u s i o n  o r  no t  
of t he  low va lue  f o r  agglomera tes  found by examination of s i e v e  f r a c t i o n s  i n  the  
tes t  on the P i t t s b u r g h  No. 8 c h a r  i n  which c l i n k e r i n g  occurred .  With a p p l i c a t i o n  of 
the  c o r r e c t i o n ,  t he  "bes t"  e s t ima te  of agglomera tes  obta ined  from the fine-ground 
Kentucky No. 9 is 60% to  66%, and from the  Indiana  V I  is 61% t o  67%. 

An impor tan t  s t e p  i n  the  agglomera t ion  of ash  is the r e a c t i o n  of i r o n  compounds 
wi th  s i l i c e o u s  ones t o  form i r o n  a luminos i l i ca t e s .  I n  a U-GAS p i l o t - p l a n t  tes t ,  
convers ion  amounted t o  as much a s  82% of the  t o t a l  i r o n ,  accord ing  t o  a Mossbauer 
a n a l y s i s  of t h e  a sh  d i scha rge .  In  t h e  g a s i f i c a t i o n  tests r epor t ed  under t h e  
p rev ious  program in which a c e n t r a l  j e t  was not  used, on ly  a minor amount of i r o n  
a l u m i n o s i l i c a t e  was f ~ r m e d . ~ ? ~  With t h e  a d d i t i o n  of a c e n t r a l  j e t  tube  through 
which the  oxygen is i n t roduced ,  t h e  tests on bituminous coa l  cha r s  repor ted  here  
show formation of i r o n  a l u m i n o s i l i c a t e  mo t l y  in t h e  range of 50% t o  80% of the  
i r o n ,  a s  shown by the  Mossbauer ana lyses .  B 

I n  the  p r e s e n t  series,  t h e  low convers ion  of i r o n  t o  a l u m i n o s i l i c a t e  i n  t h e  
Rosebud char  can be a t t r i b u t e d  t o  the  occurrence  of p y r i t e  both i n  the  c l e a t  and as 
l a r g e  p a r t i c l e s .  Both of t h e s e  f a c t o r s  can  be expec ted  t o  make convers ion  of i r o n  
t o  a l u m i n o s i l i c a t e  less l i k e l y .  

For t h e  e a s t e r n  c o a l s ,  t h e  b e s t  e s t ima te  of t he  agglomerate con ten t  of ashed 
r e s idues  in Table  3 g i v e s  an  o v e r a l l  i n d i c a t i o n  of t h e i r  i n i t i a l  agglomeration 
p o t e n t i a l s .  It is noteworthy t h a t  t hese  agglomerate amounts from comple te ly  
g a s i f i e d  cha r  r ange  f rom only  38% t o  66'6, whereas t h e  i r o n  oxide  of t he  ash of t h e s e  
c o a l s  ranges from 8% t o  32%. An exp lana t ion  is t h a t  t he  agglomerates from the  c o a l s  
w i th  low i r o n  o x i d e  ( t h e  Kentucky No. 13 and t h e  I l l i n o i s  No. 6) in comparison t o  
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t h e  Kentucky No. 9 ,  c o n t a i n  a s u b s t a n t i a l l y  g r e a t e r  p r o p o r t i o n  of c lay-der ived  
m a t e r i a l  engul fed  in or a t t a c h e d  t o  t h e  i r o n  a l u m i n o s i l i c a t e  mat r ix  m a t e r i a l .  

It is a l s o  noteworthy t h a t  t h e  agglomerate  conten t  of t h e  ashed r e s i d u e  from 
t h e  f ine-ground Kentucky No. 9 c o a l  was g r e a t e r  than t h a t  of t h e  r e s i d u e s  from t h e  
u s u a l  p r e p a r a t i o n .  I n  t h e  u s u a l  p r e p a r a t i o n ,  114-in. top s i z e  c o a l  was 
d e v o l a t i l i z e d  and t h e  r e s u l t i n g  char  was crushed t o  pass  an 8-mesh s i e v e ,  whereas 
f o r  t h e  fine-ground t e s t s  t h e  same coa l  was ground t o  pass a 200-mesh s i e v e  b e f o r e  
char r ing .  The p a r t i c l e - b y - p a r t i c l e  d i s t r i b u t i o n  of i r o n  in t h e  char  made by t h e  
u s u a l  p r e p a r a t i o n  is probably wel l - represented  by t h e  d a t a  of Table  2 ,  accord ing  t o  
which 53% of t h e  a s h  had from 15% t o  80% Fe203. The expected e f f e c t  of t h e  f i n e  
g r i n d i n g  is t o  c l u s t e r  t h e  i r o n  conten t  of t h e  ash  of t h e  p a r t i c l e s  of c h a r  more 
c l o s e l y  around the  average  2OX of Fe O3 in t h e  ash  of t h i s  c o a l  (Table  2 ) .  The t e s t  
r e s u l t s  i n d i c a t e  t h a t  t h i s  d i s t r i b u t f o n  is b e t t e r  f o r  agglomerat ion than  t h a t  of t h e  
o r i g i n a l  Kentucky No. 9 c o a l .  These r e s u l t s  and those  on t h e  Kentucky No. 13 c o a l  
i n d i c a t e  t h a t  ash c o n t a i n i n g  a s  l i t t l e  a s  10% Fe203 c o n t r i b u t e s  t o  agglomera t ion .  
However, t h e  r e s u l t i n g  i r o n  a l u m i n o s i l i c a t e  may have a h i g h e r  i r o n  c o n t e n t  because 
r e a c t i o n  w i t h  the s i l t c e o u s  minera ls  is incomplete .  

The agglomerate  conten t  of t h e  ashed r e s i d u e  from t h e  P i t t s b u r g h  No. 8 c h a r  was 
only  equal  t o  t h a t  of t h e  Kentucky No. 9 ,  in s p i t e  of t h e  s u b s t a n t i a l l y  h i g h e r  
average  i r o n  oxide conten t  of i ts  a s h  - 31.7 versus  19.9 weight  percent .  This  is 
a t t r i b u t e d  t o  the i s o l a t i o n  from s i l i c e o u s  minera ls  o f  much of i t s  p y r i t e ,  a s  shown 
by t h e  i r o n  oxide d i s t r i b u t i o n  where only 12 weight percent  of  t h e  a s h  had between 
15% and 80% FeZ03; t h e  e f f e c t  is s u b s t a n t i a t e d  by a d e t a i l e d  poin t  count  a n a l y s i s  of 
t h e  res idue  from Run 1744-30, in which no c l i n k e r  was formed and in which 40% of t h e  
unagglomerated ash  w a s  i n  t h e  form of i r o n  oxide.  

Three r e s i d u e s  were analyzed by computer-assis ted SEM t o  i n v e s t i g a t e  t h e  e f f e c t  
of l a r g e  amounts of calcium oxide  in t h e  ash :  t h e  low calcium Kentucky No. 9 f o r  
r e f e r e n c e ;  t h e  I l l t n o i s  No. 6 ,  a high-calcium e a s t e r n  bi tuminous;  and t h e  Rosebud, a 
wes tern  subbi tuminous wi th  about  t h e  same amount of iron oxide  and ca lc ium oxide  i n  
t h e  a s h  as t h e  I l l t n o i s  No. 6. I n  t h e  r e s i d u e s  of t h e  g a s i f i c a t i o n  t e s t s ,  t h e  r a t i o  
of weight of i ron-conta in ing  s i l i c a t e  compounds t o  t h a t  oE o t h e r  i r o n  compounds 
(oxide  and s u l f i d e )  is roughly equal (1O:l)  f o r  the  Kentucky No. 9 and I l l i n o i s  No. 
6 t e s t s ,  and is s i g n i f i c a n t l y  lower (about 6 : l )  f o r  t h e  Rosebud char  t e s t .  T h i s  
t r e n d  agrees  with t h e  Mossbauer r e s u l t s ,  which were a t t r i b u t e d  t o  t h e  l a r g e  s i z e  of 
p y r i t e  p a r t i c l e s  and i ts  occurrence  i n  t h e  c l e a t  of t h e  Rosebud c o a l .  The o p p o s i t e  
is t r u e  of t h e  calcium; a l l  of i t  in the  Rosebud char  has  reac ted  t o  form s i l i c a t e s ,  
whereas a s u b s t a n t i a l  p a r t  of the calcium in t h e  I l l i n o i s  No. 6 char  has  not 
r e a c t e d ,  as  shown by a weight  r a t i o  of about  3 : l  of calcium s i l i c a t e s  t o  o t h e r  
calcium compounds. The r a t i o  of calcium reac ted  wi th  s i l i c a  t o  unreac ted  calcium 
would be even lower. Here a g a i n ,  a mineral  in the  c l e a t  - c a l c i t e  of t h e  I l l i n o i s  
No. 6 c o a l -  has reac ted  w i t h  s i l i c e o u s  minera ls  t o  a l e s s e r  e x t e n t  than  t h e  wel l -  
d i s t r i b u t e d  calcium - c a l c i t e  and c a r b o x y l a t e  - of t h e  Rosebud coal.  

The ana lyses  f o r  agglomerates  in t h e  r e s i d u e s  from the  Rosebud char  show poor 
agreement ,  f o r  which no e x p l a n a t i o n  is a p p a r e n t ;  no c l i n k e r  was formed in e i t h e r  of 
two t e s t s .  According t o  t h e  SEM a n a l y s i s ,  t h e  calcium oxide  d i d  r e a c t  t o  form 
s i l i c a t e s  and a l u m i n o s i l i c a t e s ,  which should y i e l d  s l a g  of about  t h e  same v i s c o s i t y  
as a s l a g  t h a t  would r e s u l t  t f  t h e  calcium oxide  had been i r o n  oxide.  As noted 
previous ly .  t h e  p y r i t e  in t h i s  coa l  has been r e p o r t e d  t o  occur  in r e l a t i v e l y  l a r g e  
g r a i n s  and, a t  t h e  30 mesh l e v e l  of c rush ing ,  t o  be una t tached  t o  c o a l .  Hence, t h e  
small amount of iron in t h e  a s h  (7.0 weight  percent  FeZO ) may a l s o  be l e s s  r e a c t i v e  
than  u s u a l ,  s i m i l a r  t o  p a r t  of the  i r o n  in t h e  P i t t s b u r g t  No. 8 c o a l .  
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I ron  and calcium oxides  i n  t h e  York coal  were each  s l i g h t l y  h igher  than  i n  t h e  
Rosebud, b u t  t h e  i r o n  i s  most ly  i n  a c l a y  mineral  and thus  probably evenly 
d i s t r i b u t e d  among a l l  t h e  s i l i c e o u s  minera ls ;  a s  a r e s u l t ,  the  format ion  of i r o n  
calcium a l u m i n o s i l i c a t e s  of h i g h e r  than average i r o n  and calcium concent  would be 
much l e s s  f a v o r a b l e  t h a n  when t h e  i r o n  i s  present  as a d i s c r e t e  phase,  as  i n  t h e  
o t h e r  coa ls .  

I n  summary, t h e  f o l l o w i n g  conclus ions  have been made based on t h e s e  r e s u l t s :  

A p a r t i c l e - b y - p a r t i c l e  method of chemical  a n a l y s i s  can be used t o  determine t h e  
d i s t r i b u t i o n  and a s s o c i a t i o n  of minera ls  i n  t h e  c o a l  feed  t o  f lu id ized-bed  
g a s i f i e r s .  

With few e x c e p t i o n s ,  i n  g a s i f i c a t i o n  t e s t s  i n  which oxygen was in t roduced  
through a c e n t r a l  je t  and t h e  f l u i d i z e d  bed was maintained a t  1950"F, a major 
p a r t  of t h e  i r o n  was  conver ted  t o  i r o n  a l u m i n o s i l i c a t e s  i r r e s p e c t i v e  of a wide 
range of i r o n  c o n t e n t  from 10 t o  32 weight percent  Fe203 i n  t h e  ash.  

C o n s i s t e n t l y  low convers ion  of i r o n  t o  a l u m i n o s i l i c a t e  i n  t h e  c a s e  of t h e  
subbituminous Rosebud char  can be a t t r i b u t e d  t o  t h e  l a r g e  s i z e  of the  p y r i t e  
and i t s  occurrence  i n  t h e  c l e a t  of t h i s  c o a l .  A g r e a t e r  f r a c t i o n  of t h e  
calcium of t h e  Rosebud c o a l ,  i n  which the calcium is uniformly d i s t r i b u t e d ,  w a s  
converted t o  s i l i c a t e s  than was t h a t  of  t h e  I l l i n o i s  No. 6 c o a l ,  most of which 
OCCUKS i n  t h e  c l e a t .  Analyses a l s o  confirmed t h a t  a g r e a t e r  f r a c t i o n  of t h e  
i r o n  of t h e  Kentucky No. 9 and I l l i n o i s  No. 6 c o a l s  was converted t o  s i l i c a t e s  
than was t h a t  of t h e  Rosebud, most of which occurs  i n  t h e  c l e a t .  This shows 
t h a t  c a l c i t e  and p y r i t e  t h a t  occur  i n  the  c l e a t  and s e p a r a t e  as f r e e  a s h  d u r i n g  
g r i n d i n g  a r e  l e s s  l i k e l y  t o  form a s h  agglomerates .  

The r e s u l t s  of t h e  g a s i f i c a t i o n  t e s t s  performed i n  t h i s  study i n d i c a t e  t h a t  i n  
i n d i v i d u a l  c o a l  p a r t i c l e s  Fe203 c o n c e n t r a t i o n s  between 15 and 80 weight  p e r c e n t  
of t h e  ash  promote t h e  format ion  of a s h  agglomera tes ,  whereas ash  o u t s i d e  t h i s  
range tends t o  form f r e e  a s h  r a t h e r  t h a n  agglomerates .  

I n  t h e  g a s i f i c a t i o n  of c o a l s  of low-iron-content a s h ,  s i g n i f i c a n t  format ion  of 
ash agglomerates  can  occur  by t h e  j o i n i n g  of unmelted mineral  mat te r  w i t h  
r e l a t i v e l y  small amounts of t h e  i r o n  a l u m i n o s i l i c a t e  mat r ix  material. 

C h a r a c t e r i z a t i o n  of t h e  composi t ion and d i s t r i b u t i o n  of the  c o a l  a s h  u s i n g  t h e  
techniques developed i n  t h i s  s tudy  could be of a s s i s t a n c e  i n  s e t t i n g  t h e  
o p e r a t i n g  c o n d i t i o n s  of f lu id ized-bed ,  ash-agglomerat ing g a s i f i e r s .  
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Table  I .  SUMMARY OF AVERAGES OF SINGLE-PARTICLE ANALYSES 

_- Ash (Moist Bas is )  i n  Ash CaO i n  Ash- 
Avg. of Bulk Avg. O F T  Avg. of Bulk 
P a r t i c l e s  Avg. P a r t i c l e s  Avg. P a r t i c l e s  Avg. 

- w t  % 
(Range) (Range) (Range) 

Kentucky No. 9 6.3 7.6 22.3 19.9 1.10 2.29 
(0.4-32.8) (3.3-98.1) (0.41-19.2) 

P i t t s b u r g h  No. 8 10.9 7.5 34.2 31.7 1.14 0.90 

Kentucky No. 13 8.2 7.3 8.6 8.1 0.69 0.90 

(1.0-42.1) I (0.7-91.0) (0.25-28.2) 

(0.3-21.2) (0.8-52.8) (0.17-11.5) 

I l l i n o i s  No. 6 10.3 11.9 12.1 10.7 0.83 8.34 
(1.1-32.5) (1.8-91.7) (0.21-14 .O) 

Indiana  V I  16.4 13.4 6.9 15.7 0.36 2.48 
(0.6-56.6) (2.0-81.7) (0.10-20 -3) 

Rosebud 10.3 11.3 0.55 7 .O 9.4 7.2 
(2.1-45.8) (0.1-6.14) (1.95-45.3) 

Table 2. SUMMARY OF DISTRIBUTION OF Fe203 I N  -10+12 MESH 
PARTICLES OF EASTERN BITUMINOUS COALS 

%01 C o n t e n t  D i s t r i b u t i o n  of Fe,O, 

Kentucky No. 9 19.9 22.3 44 53 3 
P i t t s b u r g h  No. 8 31.7 34.2 59 12 29 
Kentucky No. 13 8.1 8.6 89 1 1  0 
I l l i n o i a  No. 6 10.7 12.1 82 16 2 
Indiana  V I  15.7 6.9 91 9 0 
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